Streptococcus equi ssp. equi causes strangles, a highly contagious and serious disease in the upper respiratory tract of horses. Streptococcus equi ssp. zooepidemicus, another subspecies of this genus, is regarded as an opportunistic commensal in horses. The present study describes the characterization of two novel immunoglobulin G (IgG) endopeptidases of these subspecies, IdeE2 and IdeZ2. Both enzymes display sequence similarities with two previously characterized IgG endopeptidases, IdeE of S. equi ssp. equi and IdeZ of S. equi ssp. zooepidemicus. IdeE2 and IdeZ2 display high substrate-specificity in comparison with IdeE and IdeZ, as they both completely cleave horse IgG, while the activity against IgG from mouse, rabbit, cat, cow, sheep and goat is low or absent. The potential use of IdeE and IdeE2 as vaccine components was studied in a mouse infection model. In this vaccination and challenge study, both enzymes induced protection against S. equi ssp. equi infection.
Introduction
Streptococcus equi ssp. equi causes strangles, a highly infectious disease and one of the most feared horse diseases worldwide due to its severity and frequency (Harrington et al., 2002; Timoney, 2004; Sweeney et al., 2005) . The closely related subspecies Streptococcus equi ssp. zooepidemicus is regarded as an opportunistic commensal, primarily in horses and also in other mammals including humans.
Immunoglobulin G (IgG) plays a central role in the adaptive immune system protecting the host from invading microorganisms. The binding of IgG to an antigen enhances several reactions such as complement activation and phagocytosis by opsonization. Several bacterial pathogens have evolved mechanisms to escape the host immune response by expressing extracellular proteins that interact with immunoglobulins.
In Streptococcus pyogenes the extracellular enzyme IdeS, also known as Mac-1, cleaves IgG with high specificity and thereby prevents opsonophagocytosis by polymorphonuclear leucocytes and the production of reactive oxygen species (Lei et al., 2001 (Lei et al., , 2002 von Pawel-Rammingen et al., 2002; von Pawel-Rammingen & Björck, 2003; Vincents et al., 2004) . Different allelic variants of these S. pyogenes proteins have been grouped into families based on differences in amino acid sequence and function: complex I, represented by IdeS/Mac-1 and complex II represented by Mac-2 (Lei et al., 2002) . One member of complex II has been reported to degrade IgG only at very slow rate, but to interfere with phagocytosis by binding to Fcg receptor on phagocytic cells (Agniswamy et al., 2004) . A recent study, however, suggests that proteins of both groups are bifunctional, displaying both IgG proteolysis and Fcg receptor binding (Johansson Söderberg et al., 2008) . Homologues of IdeS have been identified and characterized in S. equi ssp. equi and S. equi ssp. zooepidemicus . Both enzymes, IdeE and IdeZ efficiently cleave IgG classes containing the substrate site LLGGP, suggesting a similar specificity to IdeS/Mac. Furthermore, a partial IgG degradation could be observed in the medium of S. equi ssp. equi cells grown in the presence of horse serum, but not in the medium of cells grown in the presence of purified horse IgG, indicating that as yet unknown environmental factor(s) triggers the degradation of antibodies. This fraction of cleaved IgG from horse serum did, however, include IgG4, an isotype lacking the substrate site LLGGP, suggesting that the bacterium may express an unidentified IgG endopeptidase in addition to IdeE. Streptococcus equi ssp.
zooepidemicus showed no immunoglobulin degrading activity when grown in the presence of horse serum . A later study showed that IdeE is expressed during infection and reduces the bactericidal activity of equine neutrophils by blocking phagocytosis in vitro (Timoney et al., 2008) .
The goal of the present study was to isolate and characterize the endopeptidase responsible for the additional IgG-degrading activity expressed by S. equi ssp. equi. We have identified here a gene, ideE2, in S. equi ssp. equi, encoding the extracellular protein IdeE2, which displays sequence similarities with IdeE and IdeZ. A similar protein, called IdeZ2, was found in S. equi spp. zooepidemicus. Furthermore, using an experimental infection model in mice, we showed that vaccinations using IdeE or IdeE2 as antigens induce protection against experimental infection of S. equi ssp. equi.
Materials and methods
Bacterial strains, plasmids, antibodies and growth conditions Streptococcus equi ssp. equi strain 1866 was provided by NordVacc Läkemedel AB, Sweden. Other S. equi ssp. equi strains (n = 10) and S. equi ssp. zooepidemicus strains (n = 10), and horse serum were provided by the National Veterinary Institute, Uppsala, Sweden. )]. Streptococcal strains were grown at 37 1C on horse blood agar plates, blood agar plates supplemented with gentiana violet (BG) or in Todd-Hewitt broth supplemented with 0.5% yeast extract (THBY).
Construction of clones and purification of recombinant proteins
Recombinant proteins corresponding to mature IdeE2 and IdeZ2 were expressed and purified using the IMPACT TM T7 system (NEB). Primer IdeE2F 5 0 -CCTAGCTAGCGAGG TAGTTGAAGTTTGGCCT-3 0 and primer IdeE2R 5 0 -CGG CTCGAGTTTTCCTGTCTTGTTGAAGTAATCTGC-3 0 , were used to amplify the DNA-fragment of ideE2, using genomic DNA of S. equi ssp. equi strain 1866 as template. Primer IdeE2F and primer IdeZ2R 5 0 -GTAGCTCGAGTTG TTCTGCTTCGTCTGTCCTGC-3 0 , were used to amplify a DNA-fragment of ideZ2, using genomic DNA of S. equi spp. zooepidemicus strain 21 as template. The introduced restriction endonuclease cleavage sites (NheI and XhoI) are written in bold and the underlined nucleotide sequence of the primers corresponds to the ideE2/ideZ2 genes. PCR amplifications were carried out using ReadyToGo TM PCR beads (GE Healthcare) using the following PCR programmes: IdeE2 -step 1, 96 1C 10 s; step 2, 50 1C 20 s; step 3, 72 1C 80 s repeated for 29 cycles; and IdeZ2 -step 1, 96 1C 10 s; step 2, 55 1C 20 s; step 3, 72 1C 1 min repeated for 29 cycles. The PCR products were purified using the QIAquick s PCR purification kit (Qiagen), digested with NheI and XhoI, and ligated into the pTYB4 vector (NEB) digested previously with the same enzymes. The ligated plasmids were electrotransformed into E. coli strain ER2566 and spread onto LAA plates. The inserts of a number of the obtained clones were sequenced and one clone representing each gene was selected for further production of the recombinant proteins according to the recommendations from the manufacturer (NEB). Recombinant IdeE and IdeZ were produced and purified as described previously .
To analyse the occurrence of the ideZ2 gene in various strains of S. equi ssp. zooepidemicus, the primers IdeZ2F:2, 5 0 -CTTCCGGAAAATCACTGATGGTGG-3 0 , IdeZ2R:2, 5 0 -TCCCAGAGAACGGCGTAAATC-3 0 , and IdeZ2R:3, 5 0 -CAGTTTGTATCGCTTCAAACCAATTCGG-3 0 , were used. The GenBank accession number for ideE2 of strain 1866 is FJ792821 and the accession number for ideZ2 of strain 21 is FJ792822.
IgG endopeptidase assays
The recombinant proteins IdeE, IdeZ, IdeE2 and IdeZ2 (75 mg mL À1 ) were incubated with purified immunoglobulins (1 mg mL À1 ) in phosphate-buffered saline (PBS) with 1 mM of 1, 4 dithiothreitol in a total volume of 10 mL.
Incubations were performed at 37 1C and the results analysed by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). Streptococcus equi ssp. equi and S. equi ssp. zooepidemicus cell culture cleavage assays were performed by inoculating bacteria in THBY supplemented with 10% horse serum. Following incubation overnight (or for 48 h) in 37 1C, cells were removed by centrifugation and the supernatants were diluted 1 : 10 and analysed by SDS-PAGE.
SDS-PAGE and Western blot
The SDS-PAGE analyses were performed under reducing conditions using a PhastSystem (GE Healthcare) with 8-25% gradient gels. After electrophoresis, the proteins were diffusion blotted onto a nitrocellulose membrane, blocked with PBS-T (PBS supplemented with Tween 20 final concentration 0.05% v/v) and casein (0.1% v/v). After 1 h, the membrane was washed with PBS-T and incubated for 2 h with sheep anti-horse IgG4 horseradish peroxidase conjugate (Bethyl Laboratories Inc.) diluted 1 : 1000, and the substrate 4-chloro-1-naphthol was used to detect the bound conjugate according to the standard procedure.
Animal experiments
Immunization of mice followed by experimental infection was performed essentially as described by Chanter et al. (1995) and Flock et al. (2006) . Briefly, NMRI inbred mice (c. 25 g) were immunized with 12 mg of each antigen intranasally at three occasions with 2-week and 1-week intervals in between. Abisco 300 (10 mg per dose) obtained from Isconova AB, Uppsala, Sweden, was included as an adjuvant. One week after the last immunization, the mice were infected in the nostrils with 515 mL of 10 6 CFU S. equi ssp. equi strain 1866 cultivated as described earlier (Flock et al., 2006) . Bacterial colonization was then determined daily by gently touching a BG plate ten times to the nostrils and the bacteria were then streaked. Bacterial growth was scored on a four-point scale from 0 to 3, where 0 indicates no growth or o 5 colonies, 1 indicates 5-100 colonies, 2 indicates 4 100 colonies and 3 indicates confluent growth. Percent weight loss was also determined daily. One day before immunization and 2 days before experimental infection, serum samples were taken for enzyme-linked immunosorbent assay determination of antibody titres as described earlier (Flock et al., 2006) . In pilot experiments, we have seen that bacteria disseminate from the primary site of infection on the nasal mucosa to deeper tissues such as those of lung, spleen and liver.
Statistical tests
For comparison of weight loss in mice, Student's t-test was used. Fischer's exact test was used to compare nasal colonization where animals were considered severely colonized at a score of 2-3 and mildly colonized at a score of 0-1.5.
Results
Genes encoding proteins similar to IdeE/IdeZ are present in both S. equi ssp. equi and S. equi ssp. zooepidemicus
Using BLAST search, a gene encoding a protein similar to IdeE was found in the genome of S. equi ssp. equi strain 4047 (http://www.sanger.ac.uk/Projects/S_equi/). This gene, denoted ideE2, encodes a 385-amino acid-long protein, IdeE2. Using the programme SIGNALP the signal peptide was predicted to be 41 amino acids in length. The ideE2 gene from S. equi ssp. equi strain 1866 was PCR amplified, cloned and sequenced.
An ORF with similarities to ideE was also identified in the genome of S. equi ssp. zooepidemicus strain H70 (http://www. sanger.ac.uk/Projects/S_zooepidemicus/). The gene, ideZ2, which encodes a 392-amino acid-long protein (IdeZ2) was also PCR amplified, cloned and sequenced using genomic DNA from S. equi ssp. zooepidemicus strain 21.
CLUSTALW2 alignment of the four IgG endopeptidases of S. equi reveals pairwise similarities (Fig. 1) . The highest similarity is seen between IdeE and IdeZ (c. 99% identity) while a comparison between IdeE2 and IdeZ2 shows c. 70% identity and c. 82% similarity. When aligning IdeE and IdeE2 or IdeZ and IdeZ2 the similarities are considerably lower (identity c. 25%, similarity c. 46% and identity c. 26%, similarity c. 43%, respectively). The low degree of similarity is also found when IdeE2 and IdeZ2 are compared with the Mac proteins of S. pyogenes.
The crystal structure of S. pyogenes Mac-1 has been reported previously (Agniswamy et al., 2006) . The Cys94, His262, Asp284 and Asp286 residues in the Mac protein are critical for endopeptidase activity (Lei et al., 2002 (Lei et al., , 2003 . These amino acids are also present in IdeE2 and IdeZ2 (Fig.  1) . However IdeE2 and IdeZ2 both lack the integrin-binding motif RGD present in IdeS/Mac, IdeE and IdeZ.
The presence of the ideE2 and ideZ2 genes in 10 isolates of S. equi ssp. equi and 10 isolates of ssp. zooepidemicus was investigated using PCR. All S. equi ssp. equi isolates yielded fragments of the same length as from the control strain 1866 using the primer combination IdeE2F and IdeE2R. However, when the S. equi ssp. zooepidemicus isolates were examined using the primer combination IdeE2F and IdeZ2R (and combinations of primers IdeZ2F:2, IdeZ2R:2 and IdeZ2R:3), only one strain (strain 21) yielded fragments of the expected lengths. No PCR products were obtained from the nine other S. equi ssp. zooepidemicus strains.
IdeE2 and IdeZ2 are functional IgG endopeptidases
The endopeptidase activity of recombinant IdeE, IdeZ, IdeE2 and IdeZ2 was analysed by incubation with purified immunoglobulins from selected species (Table 1 and Fig. 2 
IgG degradation by S. equi grown in the presence of horse serum
To study the IgG endopeptidase activity in a complex solution, S. equi ssp. equi and S. equi ssp. zooepidemicus cells were grown in THBY medium supplemented with 10% horse serum. As a control, THBY medium was incubated with horse serum without bacteria. After 48 h incubation, the media were analysed using SDS-PAGE and Western blot (Fig. 3) The supernatants of the S. equi ssp. equi samples contained a degradation product of IgG4 that was not present in the supernatants of S. equi ssp. zooepidemicus and the serum control (Fig. 3) . To analyse if this cleavage product is the result of IdeE or IdeE2 activity, or a combination thereof, both enzymes were incubated separately or mixed together in horse serum. The result showed that IdeE2 alone, but not IdeE, could efficiently degrade IgG4 resulting in a fragment of the same length as was seen in the supernatant of S. equi ssp. equi cells grown in horse serum (Fig. 4) .
Protection of mice immunized with IdeE and IdeE2
Three groups of mice (n = 3 Â 10) were vaccinated with either IdeE or IdeE2 or with adjuvant only as a control. The mice were then subjected to experimental infection with S. equi ssp. equi. Nasal colonization and weight loss were monitored daily. Figure 5a shows that the nonvaccinated control group was severely infected as measured by nasal colonization. This colonization was paralleled by weight loss (Fig. 5b) . However, the group vaccinated with IdeE2 was significantly protected from infection as determined by nasal colonization (P = 0.0007 on days 2-9, using the Fischer 
--MKTIAYPNKP----HSLSAGLLTAIA-IFSLASSNIT--------------------32 IdeZ ---MKTIAYPNKP----HSLSAGLLTAIA-IFSLASSNIT--------------------
:.*:: .:: :.*:*.:****:: :..: ******** : :*:*:* :
IdeZ GINAHGHVAISAKKIEGENIGAQVLGLFTLSSGKDIWQKLS--------349 : :. ::: :. *.:: .: **. ..: * . The conserved amino acids important for endopeptidase activity of the similar Mac-1 protein are indicated using the numbering according to Lei et al. (2002 Lei et al. ( , 2003 . Below the alignment a consensus line is also displayed. The following symbols denote the degree of conservation observed in each column: '*', identical residues in all sequences, ':', highly conserved column; '.', weakly conserved column.
exact test) and weight loss (P = 0.0001 on days 2-10, using the t-test). Mice vaccinated with IdeE were only partly protected (not significant) as determined by nasal colonization (Fig. 5a ) although weight loss in this group was significantly less severe (P o 0.05 on days 3-10) compared with the nonvaccinated control group. Nonvaccinated mice had to be sacrificed on day 5 due to severe weight loss.
Discussion
The present study shows that S. equi ssp. equi and S. equi ssp. zooepidemicus both harbour two genes encoding similar proteins, which specifically cleave IgG from different species. Sequence comparisons suggest that the novel proteins IdeE2 and IdeZ2 are more distantly related to the IdeE/IdeZ (Fig. 1 ) and the IdeS/Mac proteins (data not shown). Using PCR, the presence of the ideE2 and ideZ2 genes were analysed in different isolates. The ideE2 gene was found in all S. equi ssp. equi strains studied, but the ideZ2 gene could only be amplified from one of the 10 S. equi ssp. zooepidemicus ) from a selection of species incubated for 1 h at 37 1C with recombinant IgG endopeptidases (75 mg mL À1 ). Lanes marked E, Z, E2 and Z2 show samples incubated with IdeE, IdeZ, IdeE2 and IdeZ2, respectively. Lanes marked C are the controls with no endopeptidase added. The cleavage activities are indicated as follows: À , no cleavage; 1, weak cleavage; 11, medium cleavage; 111, strong cleavage. strains. An explanation for this result could be that ideZ2 is not present in all strains, or that the gene displays higher sequence variation than ideE2. Recently, a gene encoding a Mac-1-like IgG endopeptidase from a human isolate of S. zooepidemicus was reported (Beres et al., 2008) . Notably, this novel S. zooepidemicus protein shows only about 60% identities when aligned to IdeE2 or IdeZ2 and would not have been detected with the primers used in the present study. The IgG endopeptidase activities of IdeE, IdeE2, IdeZ and IdeZ2 were studied using a panel of immunoglobulins from different species (Table 1) . Here, IdeE and IdeZ show a broader activity than IdeE2 and IdeZ2. Furthermore, although the activity of IdeE2 and IdeZ2 was slightly dissimilar, both display a high IgG endopeptidase activity against horse IgG. observed that IgG4 was degraded when cells of S. equi ssp. equi were grown in the presence of horse serum and that this activity could not be attributed to the expression of IdeE. We have here shown that the IdeE2 protein can efficiently degrade both purified horse IgG (Table 1) and horse IgG4 present in serum (Fig. 4) , suggesting that the activity reported by is dependent on the expression of IdeE2. It is notable that IdeE2 and IdeZ2 are both efficient in cleaving human IgG. Although S. equi ssp. equi is not a human pathogen, it is derived from S. equi ssp. zooepidemicus, which is a human pathogen; S. equi ssp. equi might thus have retained the ability to cleave human IgG also.
A recent study by Timoney et al. (2008) , shows that IdeE has an effect on the antiphagocytic activity of equine neutrophils. Furthermore, it is reported that IdeE binds to equine neutrophils, which is suggested to be mediated by the RGD motif. Because this motif is not present in IdeE2 or IdeZ2, there is no indication that these proteins bind to the host-cell integrins. In vitro studies show that IdeE is expressed during exponential growth (Timoney et al., 2008) and that S. equi ssp. equi cells grown in the presence of horse serum express an IgG endopeptidase activity mimicking the activity of recombinant IdeE2 (Figs 3 and 4) . This suggests that the bacterium can produce at least two IgG endopeptidases. It can thus be rationalized that the main function of IdeE and IdeZ is to interfere with the antiphagocytic activity of neutrophils and that the function of IdeE2 and IdeZ2 is to degrade IgG. However, the IgG endopeptidases may display additional activities yet to be discovered. An interesting recent report by Vincents et al. (2008) , shows that the host protease inhibitor cystatin C actually enhances the proteolytic activity of IdeS. The question whether the activities of the S. equi IgG-endopeptidases are enhanced by a host homologue of this protease inhibitor remains to be investigated.
IdeE and IdeE2 were also used to immunize mice followed by experimental infection (Fig. 5a and b) . Both antigens induced protection; particularly vaccination with IdeE2 significantly reduced both nasal growth of S. equi ssp. equi and weight loss in vaccinated animals. Because no proteolytic activity of IdeE2 against mouse IgG could be detected (Table 1) , the protective effect of antibodies against IdeE2 in mouse may appear unexpected. It is conceivable that a portion of the protein is exposed on the surface while being secreted and even retained there for a while before being released. Antibodies against IdeE2 would thus be opsonic. Although experimental infection in the mouse system used here does not fully mimic a real case of strangles, we have previously seen that antigens able to protect mice were also able to protect horses subjected to experimental infections (Waller et al., 2007) .
